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(54) Calibration of phased array ultrasound probe 

(57) The dynamic range of ultrasound images is extended by providing compensation of errors inherent in the 
manufacturing process of, especially, medical uHrasound phased array probes. Time delay errors introduced by Individual 
transducers (41) are predetermined and stored in a memory (42A) associated with each probe (43) A system (45) then 
reads the values needed to perform error compensation directly from the particular probe being used. 
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CALIBRATION OF PHASED ARRAY ULTRASOUND PROBE 

The present invention relates in general to phased 
array ultrasound imaging, and, importantly, to a phased 
array ultrasound probe with increased dynamic range, 
suitable for medical use. 

Ultrasound imaging systems transmit ultrasonic 
waves into ayolume to be imaged and receive ultrasonic 
waves therefrom. The reflected ultrasonic waves are 
converted to electrical signals which are then 
processed for use in controlling a video display. In 
an electronically steered sector scanner, ultrasonic 
waves are transmitted and received from multiple 
transducer elements, separately excited and arranged in 
an array on a probe. Types of electronically steered 
probes include linear arrays, two-dimensional arrays, 
curved phased arrays, and annular phased arrays, 
which will be collectively referred to as phased 
arrays . 

Phased array scanners form images using electronic 
focusing to direct ultrasonic energy along a line 
(i.e., vector angle) and to receive echoes from the 
line. Focusing is achieved by selectively 
delaying signals during transmission and during 
reception by respective transducer elements in the 
phased array. Thus, signals along the vector angle 
exhibit constructive interference and signals from 
other locations exhibit destructive interference. 

The ultrasound beam is steered along various vector 
angles by selectively delaying the signals according to 
the differences in path length between each transducer 
element and the various points on the beam line. Each 
transducer is typically connected to a respective 
controlled delay element. On reception, the output 
signals from the delay elements are coherently summed 
to provide an echo signal. 
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The time delay introduced by each delay element' is 
determined by a controller, typically a computer or 
microprocessor. Many different schemes have been used 
to implement the needed signal delays. U.S. Patent 
No. 4,285,011, issued to Sato, provides an example 
wherein analog switches connected to the taps of many 
delay lines are controlled by a CPU. 

Due to physical manufacturing limitations, the 
transducer elements of an array have their own inherent 
time delays that vaxy from element to element. These 
variable delays modify the relative physical delay 
applied to a channel of the array such that the actual 
delay varies from the theoretical delay. Therefore, an 
image reconstructed from the delayed signals exhibits 
reduced dynamic range. 

Because of the nature of transducer materials, it 
is not practical to isolate the cause of delay errors 
to any particular electrical or mechanical parameters. 
Thus, it has not been possible to eliminate delay 
errors by improving manufacturing techniques. 

The invention seeks to improve the dynamic range 
of phased array ultrasound systems. It provides a 
method and apparatus for removing signal delay errors 
caused by the transducer characteristics. 

One aspect of the invention is a phased array 
transducer probe assembly including a plurality of 
transducers arranged in an array. A memory means 
stores values corresponding to time delay errors 
inherent in the transducers. An assembly means 
carries the transducers and the memory means. A 
conductor means is coupled to the transducers and the 
memory means and is carried by the assembly means, 
thus permitting the transducers and memory means to be 
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connected to an ultrasound system. Preferably, the 
stored values represent a time delay error for each 
respective transducer relative to the delay error of 
one predetermined transducer, such as the transducer 
with the most negative error. 

This and other aspects of the invention, 
both as to its organization and method of operation, 
together with further objectives and advantages 
thereof, may best be understood by reference to the 
following description taken in conjunction with the 
accompanying drawings in which: 

FIGURE 1 is a block diagram depicting a linear 
phased array ultrasound system of the invention. 

FIGURES 2-5 are graphical depictions of various 
waveforms associated with the system of Figure 1. 

FIGURE 7 illustrates a completed probe assembly of 
the invention connected to an ultrasound system. 

FIGURE 8 illustrates apparatus for determining the 
inherent time delay errors of a transducer array. 

Figure 1 shows a phased array ultrasound system 
including the improvement of the present invention. 
The system includes an array of transducers 11 in a 
housing 17. Transducers 11 are arranged in a linear 
array having only five transducer elements to simplify 
the drawing. A reception circuit including a 
corresponding array of controlled delay elements 12, a 
receive control 13 and a summing circuit 14 is 
connected to transducer array 11. Summing circuit 14 
is connected to an image generator and display 15. 
Housing 17 typically comprises part of a detachable 
probe, while the reception circuit is contained within 
a system console. 



Transducer array 11 Includes individual transducers 21-25 which 
are respectively connected to individual delay elements 31-35 in 
delay element array 12. Each delay element 31-35 is individually 
connected to control 13 for receiving a delay time which corresponds 
to a particular vector angle. 

Also contained in the system console is a transmission circuit 18 . 
which preferably includes a transmit control, transmit delay 
elements, and individual pulsers for connecting to each transducer 
element 21-25 of array 11. Alternatively, transmission circuit 18 
could be connected to share delay elements 31-35 with the reception 
circuit. During transmission, each element is excited by a 
corresponding pulser in a predetermined time relationship to provide 
transmission along a particular vector angle. 

To demonstrate the operation of the system thus far described, 
reception of ultrasonic energy from a point source 10 will be 
described. The relative time of arrival of the peak of the signal 
radiating from point 10 varies with the path distance between each 
individual transducer element 21-25 and point 10. The different 
arrival times are illustrated in Figure 2. Delay elements 31-35 
compensate for the path.length differences, theoretically resulting 
in a time alignment of all channel signals input to summing circuit 
14 as is shown in Figure 3. The summation of all the separate 
channel signals results in the signal shown in Figure 4 which has 
maximum amplitude and minimum pulse length due to the in-phase 
summation of signals from all channels. 

Due to the inherent time delay errors in individual transducers 
21-25, the actual relative time arrival of signals to summing circuit 
14 is' as shown in Figure 5. The resulting signal after summation has 
a much degraded waveform as is shown in Figure 6. The final image 
constructed from such degraded signals will show a degraded dynamic 
range. Thus, in the prior art system, constructive Interference has 
not been substantially accomplished while destructive interference 
(rejection of signals) from off-vector targets is less than optimal, 
resulting in less than optimal signal-to-noise. 
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According to the present Invention, the inherent time delay 
errors of the individual transducers of an array can be corrected, so 
as to obtain waveforms as shown in Figures 3 and 4 on reception (and 
to obtain a desired beam on transmission), by determining a delay 
error for each Individual channel and then compensating for that 
error in programming the time delays in a scanning system. Thus, 
Figure 1 further includes a 

memory 16 located in housing 17 which stores values corresponding to 
the time delay errors inherent in the transducers. Memory 16 is 
connected to receive control 13 and to transmission circuit 18. 
After control 13 or transmission circuit 18 determines a theoretical 
delay for a respective transducer on transmit or receive, it obtains 
a predetermined delay error correction value from memory 16 and adds 
the correction value to the theoretical delay. Alternatively, all 
values from memory 16 can be initially transferred to memory internal 
to receive control 13 or transmission circuit 16 for use in later 
calculations. Preferably, the values stored in memory 16 have been 
normalized to the inherent delay error of a particular transducer 
such as the transducer at the center of the array, (i.e., transducer 
23} or to the transducer with the most negative or smallest delay 
error. 

A preferred embodiment of a transducer probe according to the 
invention is shown in Figure 7. The probe includes a handle 40 which 
carries an array of transducer elements 41. The delay error memory 
can be contained within handle 40 as shown at 42A or may be carried 
remotely from the handle in another portion of the probe assembly 
such as at 42B on a probe connector end 44, A set of conductors 43 
connects transducer array 41 and memory 42A or 42B to an ultrasound 
system 45 including a system console and a monitor. Kany different 
probes are typically used with any single ultrasound system, each 
probe having its own delay errors. In the configuration shown in 
Figure 7, after a particular probe assembly is connected to an 
imaging system, the controller (i.e., system computer) reads the 
values from the niemory and will subsequently modify each theoretical 
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tiine delay by the delay error correction value for each 
individiial transducer. In the most preferred 
embodiment, memory 42 is comprised of a Programmable 
Read-only Memory (PROM). 

A preferred method for determining relative time 
delay errors for an array will be described with 
reference to Figure 8. This method is similar to 
techniques described in co-pending U.S. applications 
Serial No. 099,422 filed September 21, 1987 and Serial 
No. 132,079 filed December 11, 1987, corresponding 
respectively to DE^OS P3831537.8 and EPA 88311716.0 

Transducer array 41 is placed in a water-filled 
tank 50 with its face aligned parallel to an optically 
flat target 51 also positioned in watertank 50 and at a 
distance substantially equal to the nominal focal depth 
of array 41. The following procedure is then used to 
determine the time delay error for each element 
relative to the time delay error of a chosen transducer 
element, in this case the center element. 

Probe connector 44 is connected to a multiplexer 
52 as shown in Figure 8. Under control of a data 
acquisition CPU 53, respective elements are selected 
for connection to a pulser 54 and a receiver 
55. At a specific reference time T^ the pulser is 
fired to generate an acoustic wave from a transducer 
element n. The acoustic wave travels to and from the 
flat target in a fixed time period 2R/v, where R is the 
distance from the surface of array 41 to target 51 and 
V is the velocity of sound in the tank medium (e.g., 
water). This fixed time period is constant for all 
array elements. However, due to fabrication 
variations, each transducer element exhibits an 
additional time delay which varies from element to 
element. 

Next, the time delay error relative to a 
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particular element (e.g., the center element) is 
determined for a respective element by comparing the 
echo waveform of the element under consideration with 
the echo waveform of the particular (center) element 
using cross correlation. Thus, the center element 
waveform is shifted in time relative to that of the 
transducer element being considered and a cross 
correlation coefficient is calculated at each shift 
point. The delay error for the particular element is 
the amount by which the center element waveform is 
shifted at the point of the maximxim correlation 
coefficient. For example, a positive value for the 
amount of time shift indicates that the echo at a 
particular element arrived after the echo at the center 
element while a negative value indicates that it 
arrived before the center channel echo. 

Data acquisition CPU 53 preferably normalizes all 
of the time delay values £^ so that all of the 
correction values are greater than or equal to zero, in 
order to avoid a condition where the sum of a 
theoretical delay and the correction value is 
negative (i.e. ,attempting to go backwards in time). 
Preferably the most negative delay error (or the 
smallest positive delay error if none are negative) is 
set to zero and all other values are given relative to 
that. CPU 53 then transmits a delay correction map to 
a PROM burner 56 for storage in a PROM which is to be 
mounted in the probe handle 17 or connector 44, for 
example. 

Using the time delay error correction values 
determined above, an ultrasound beam can be transmitted 
and received with greater dynamic range and 
signal-to-noise . 

While preferred embodiments of the invention have 
been shown and described herein, it will be understood 
that such embodiments are provided by way of example 



only. Numerous variations, changes and s\ibstitutions 
will occur to those skilled in the art without 
departing from the spirit of the invention. 
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CLAIMS : 

\. A transducer probe assembly comprising: 

a plurality of ultrasonic transducers arranged in an array; 

memory means for storing values corresponding to time delay 
errors inherent in said transducers; 

assembly means for carrying said transducers and said memory 
means; and 

conductor means coupled to said transducers and said memory 
means, and carried by said assembly means for permitting said 
transducers and said memory means to be electrically connected to an 
ultrasound system. 

2. The assembly of Claim 1 wherein said memory means is 
comprised of a programmable read-only memory. 

3. The assembly of Claim 1 wherein said values represent a time . 
delay error relative to the delay error of a predetermined 
transducer. 

4. The assembly of Claim 1 wherein said array is a linear 
phased array. 

5. An ultrasound system comprising: 

a plurality of transducers arranged in an array; 

memory means for storing values for correcting time delay 
errors Inherent in said transducers; 

computer means for controlling transmission and reception by 
said transducers; and 

connector means for connecting said transducers and said 
memory means to said computer means and for passing electrical 
signals therethrough. 
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6. The system of Claim 5 further comprising: 
probe assembly means incorporating said 

transducers, said memory means and said connection 
means . 

7. A method of operating an ultrasound phased 
array system, said system including an array of 
transducer elements and respective delay elements, said 
method comprising the steps of: 

determining a theoretical delay for a 
respective transducer element according to a desired 
scanning vector angle of an ultrasound beam relative to 
said array; 

obtaining a predetermined delay error 
correction value corresponding to said respective 
transducer element; and 

adding said correction value to said 
theoretical delay to obtain a corrected delay, 

8. The method of Claim 7 wherein said value 
represents a time delay error inherent in said 
respective transducer relative to a time delay error 
inherent in a predetermined transducer element. 

9. The method of Claim 7 further comprising the 
steps of: 

transmitting an acoustic wave from said 
array, said wave being formed according to said 
corrected delay; and 

receiving an acoustic wave arriving at said 
array, said wave being detected according to said 
corrected delay. 

10. A delay-error compensated phased array system, 
transducer array therefor, or method of operating 
substantially as hereinbefore described with reference 
to Figure 1, 7 or 8 of the accompanying drawings- 
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